An effective total cross section is calculated for elastic scattering of a monoenergetic beam of test particles in a plasma of arbitrary velocity distribution. Closed form solutions are obtained for the special case of Maxwellian field particles taking into account small angle scattering. The results are compared with those obtained using the Debye cut off technique and it is shown that such an arbitrary cut off can lead to erroneous results in the effective cross section and it can lead to . different conclusions with regard to the relative importance of plasma ions and electrons in test particle scattering.
For example, Kranzer has determined numerically the time history of the probability distribution of fast test ions in velocity space for some special cases. More recently Kuo-Petravic, Petravic and Watson have used the RMJ equation to study the energy transfer from reaction produced 4 alpha particles to plasma electrons and ions in mirror reactors . A g modified approach had previously been taken by Butler and Buckingham to calculate the energy loss rate from fast test ions. In all of the above work, the classical Rutherford scattering cross section has been used.
To avoid the well known divergence in integrating over the deflection (c) angles, scattering for angles smaller than x o is neglected where X « 3 /(v* X) (1) and where \ ~ C »$ •/• / 4/7 6.^ y*** } * Here q and q are the charges of the test and field particles respectively, u is the reduced mass, v is the relative velocity, X_ is the Debye screening length and the rest of the notation is used in the standard manner.
The validity criterion for the use of this classical cut off limit 9 rather than the quantum mechanical cut off angle
is discussed by several authors. The use of the Rutherford cross section is'limited to situations in which the orbital model for scattering can be used and the validity criterion for the use of this has been discussed by Williams ; Bohr ; Everhart, Stone and Carbone ; 13 and Lane and Everhart . In cases when the particle's wave properties must be considered the Born approximation should be used. The present authors have treated the problem of slowing down of fast test ions in plasmas in the limit of v -v where v is the test particle velocity 9
[n this case the Born approximation can be used for deflection angles from 0 to i and no cut off angle need be assigned to get a closed form , It is the purpose of this paper to calculate the effective total scattering cross section for the interaction between a test particle or a beam of monoenergetic particles in a plasma which has an arbitrary velocity distribution. The thermal motion of the field particles effects the cross section greatly if the test particle moves with a velocity less than or equal to the mean thermal velocity of the field particles. X.
and the Born approximate formula:
'\ ". ill *T/.:*f x -X cj u,%> «($/**) (*»^*^0 (4) o -C X < *\ .
There is an uncertainty about the transition region in which neither expression is valid. However, extending the range of validity of Eqs. (3) and (4) to x = X leads to an uncertainty in the effective total cross section of factor of 3/2. Since the uncertainty resides within a small numerical factor, the results are qualitatively correct.
Qualitatively, we have included angular regions which have previously been neglected in the cut off technique and thus the results are expected to be numerically more rigorous than those using the classical scattering cross section and a comparison is made in Section 6.
2. BINARY ENCOUNTERS
Consider the elastic scattering of a charged test particle whose speed lies between v and v ^ dv by a charged field particle whose speed lies between V and V + dV. As viewed in the cm. frame of reference the test particle will only change its direction after an encounter and therefore we can write its speed in the laboratory system as:
We use standard notation where m and M are respectively the masses of the test and field particles, v' is the speed of the test particle after an encounter, x is tne deflection angle in the cm. system and v is the velocity of the center of momentum. The interaction between the two charged particles is described by a screened Coulomb potential and the differential cross sections for such an interaction are given by Eqs. (3) and (4).
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The probability g (v, v', V, cos 0) dv' that a test particle of velocity between v and v + dv will emerge within a velocity interval between v' and v' + dv' after an encounter with a field particle of velocity V whose direction makes an angle 6 with the direction of the test particle is given by
gqv.q^flfe) (6) K NO where dfi(x) is the element of solid angle and a (v ) is the total elastic cross section integrated over all deflection angles as given in reference 13. By the use of Eqs. (3) through (5) the probability given in Eq. (6) can be expressed In terms of velocity as: 
Here do s (v, V,ft.(©)) is the microscopic cross section for a test particle to encounter a field particle whose velocity lies in a direction contained in the solid angle£L(0) relacive to the initial test particle velocity.
Equating both results gives an expression for the differential cross section defined by Eq. (9), i.e., $ V Now the total cross section for elastic scattering between the test i particle under question and the field particles is obtained by multiplying Eq. (10) by the'probability given in Eq. (7) and integrating over v', V and
For a given distribution, Eqs. (7) and (10) 
where the summation is over all ion species. For all cases considered here the probability that an ion produced from the fusion reaction will scatter via plasma ions is larger than the probability that it will scatter via electrons. Because the reaction produced particle ns degraded in energy due to collisions, Eq. (16) will not hold for x. < 1 and x << 1. At these lower test particle 
In practice the plasma gains energy from the hotter charged reaction products and consequently the plasma temperature increases. However, in the steady state, energy losses may balance energy gains and the plasma temperature may be fairly constant. As long as T. -T the second term dominates the first and the probability of scattering via hydrogen ions is 30 to 45 times larger than that via electrons. The same conclusion can be reached by investigating the probability distribution function given by Eq. (7). The probability per unit speed that a test particle emerges after an encounter with a speed v, is: SN*; V,\ , COS®} dv^~ ^™Vr\ V*.<K (18) sv m V
The probability per unit speod that the velocity oC a tost particle is reduced to v is and this corresponds to a head on collision.
Comparison of Eqs. (18) and (19) reveals that the probability per unit velocity of a small change in the velocity of the test particle is much much larger than the corresponding probability for large changes.
As a matter of fact if v >> V a test particle may loose all its energy in one encounter with an ion of equal mass. However, the probability that a 1 MeV reaction triton loses its energy in a single encounter -7 with 10 keV plasma triton is of the order of 10 per joule; while the probability that the test triton loses a very small fraction of its 32 energy in a single encounter is about 10 per joule. In addition, Eq. (18) indicates that the velocity of the test particle is more likely to be reduced by an encounter with an ion than with an electron while
Eq. (19) shows that electrons are more likely to reduce v to v rather than the ions.
Thus we can conclude that the probability of scattering per unit time of test particles by ions exceeds the scattering rate by electrons.
In addition the probability that the test particles transfer their energy in small increments to the ions is significantly more probable than transferring energy in large increments to the electrons.
Although Eq. (11) has been applied to a Maxwellian plasma, other velocity distributions can be considered as well. For example, one could consider the loss cone distribution found in mirror machines.
The evaluation of the total scattering cross section and the scattering rates using such distributions is straightforward, although it is complicated by the fact that velocity distribution of the plasma in the mirror machine is not isotropic The degree of anisotropy depends on the mirror ratio and so is the scalar velocity distribution.
It should be emphasized that we have restricted our examples to the case where T ~ T., however, the result in Eq. (14) is not so restricted.
COMPARISON WITH THE DEBYE CUT OFF TECHNIQUE
To calculate the total cross section for elastic scattering between two particles it is rather conventional to integrate the For energetic test particles or interactions with electrons and a low Z plasma, the quantum mechanical angle is the proper angle.
However, in following the degradation of energy of a test particle in a plasma there will be an energy at which x ~ X below which (c) the cut off angle has to be x
• In studying the total cross section for binary interactions such a choice is not critical but if the field particles constitute a plasma of a specific velocity distribution, the results will be sensitive to such choices.
(c)
If it is applicable to use x > the integrated total cross section for elastic scattering of a test particle by Maxwellian single species field particles is:
•i-g (a.^i-i) ev£(sOj The scattering probability per unit time for the interaction of a test particle with a plasma composed of electrons of x < 1 and ions of x >> 1 is:
.17
If T T., scattering by electrons is seen to dominate that by ions.
The apparent contradiction between this result and that found in Section 5 is due to the fact that within the velocity range in which Eq. (22) Thus for T -T the cut off angle for electrons is likely to be lower than that for plasma ions and more small angle scattering events will be included in the calculation of the scattering probability via electrons than that via ions.
Generally speaking, extreme caution must be exercised in using the cut off technique. In the study of test particle interactions with thermonuclear plasmas we are dealing with a broad energy spectrum and there is always a danger of cutting off dominant contributions to the results. £n some cases the de Broglie wavelength is much less than the impact parameter of closest.approach and consequently the scattering distribution is extremely rare for angles less than the limit given by (c) X^ . Consequently, the error in the use of the cut off technique is not significant. On the other hand if we are dealing with weak interactions, the small angle scattering becomes more frequent than large angle scattering and an improper choice of the low limit may lead to erroneous results. In addition, the particular composition of the plasma affects the cut off angle. Both classical and quantum mechanical cut off angles depend on the reduced mass and the relative velocity.
Consequently the limit on the scattering angles for small mass electrons is different from that for ions. Furthermore, the roles of ions and
